Abstract. The problem of characterizing test lenses for the calibration of focimeters is analysed. The uncertainty budget is discussed in view of complying with ISO recommendations. The most relevant quantity to be measured is the radius of curvature of lens refracting surfaces. Practical considerations on the required measuring capabilities are given.
Introduction
In recent years considerable effort has been devoted to the standardization of measuring methods and the procedures within the main philosophy of quality assurance. The production and testing of ophthalmic lenses has undergone the same process, and their inspection is now subject to detailed regulations [1, 2] .
Common ophthalmic lenses are simple spherical lenses which are only characterized within the first-order approximation of geometrical optics. First-order analysis provides the evaluation of quantities as focal length and related parameters. One such parameter, the back focal length (BF L), serves to define the ophthalmic power = 1/BF L, which is the quantity generally referred to in ophthalmology and which is measured by instruments called focimeters [3] . Such instruments are intended to provide lens manufacturers with the necessary control over their production. In turn, however, focimeters require calibration. The calibration of focimeters is carried out with a set of standard lenses ('test lenses'), the ophthalmic power of which has to be known to the highest accuracy. This paper deals with a measuring procedure being developed to calibrate the above test lenses. The uncertainty balance of the measurement is also presented.
Measuring approach
In terms of classical optics, the focal length F and the back focal length BF L are paraxial quantities, that is they are defined by means of a limit process where the lens aperture tends to zero. As such, while the design recipe allows for quite a precise determination with computer ray tracing, laboratory measurements with any one of the numerous methods available are intrinsically limited in accuracy for physical reasons.
One way to overcome the above inconvenience is to use a definition of F and BF L of a lens that is traced to the properties of the materials and surfaces, rather than to image properties. Such definitions are available, including both the geometrical and physical characteristics of the lens [4] . Writing the proper equations, here we adopt the convention of using upper case symbols to indicate the magnitudes listed in the nomenclature and lower case symbols to indicate the corresponding values that will come from the measurements. For a lens in air, the power φ = 1/F and the BF L are then written
where N is the refractive index, T is the lens axial thickness and R 1 , R 2 are the radii of curvature of the refracting surfaces. The usual set of conventions is also adopted according to which the light travels from left to right; the radii of curvature are named first and second according to their order along the optical path; a radius is positive if the centre of curvature lies to the right of the surface vertex. The expression for the ophthalmic power = 1/BF L is then obtained:
The partial derivatives are easily computed: 
In the laboratory, R 1 , R 2 , T are measured, yielding values for r 1 , r 2 , t. The measurements are repeated several times; the mean values r 1 , r 2 , t and the standard deviations σ (r 1 ), σ (r 2 ), σ (t) are then computed. These standard deviations are taken as uncertainty values. It should be noted that the above uncertainties originate from the statistical distribution of the experimental data; in the technical literature, such circumstances are noted by referring to 'type A' uncertainties [5] . As for the refractive index N, the value to be used is taken from the glass specifications, as is the uncertainty σ (n). Not being measured in the laboratory but relayed from other sources, according to [5] the uncertainty σ (n) is of 'type B'. The ophthalmic power is computed from equation (3). Equations (4)- (7) provide the sensitivity coefficients required to work out the uncertainty balance. The result is expressed in the form
where σ ( ) is the combined uncertainty, given by
That is, the result is given with its expanded uncertainty, being the coverage factor equal to two (which corresponds to the 95% confidence level for normal distributions).
Practical considerations
To work out a realistic picture of the metrology task, the set of calibration lenses indicated in [2] was considered. The set comprises ten lenses whose ophthalmic power, expressed in dioptres D (m −1 ), extends from −25 D to +25 D, in steps of 5 D. The glass recommended has a refractive index of 1.523 at the helium d-line (587.56 nm); such a value will be adopted in the computations. For the thickness, allowed ranges are indicated [2] . It is also recommended that the lens power is divided between two surfaces, so as to be comparable with common spectacle lenses. The back focal length of interest is that where the eye would be located (figure 1); this specifies the lens orientation when inserted in the focimeter and also identifies the surfaces as first and second. Table 1 presents a possible set of design data complying with [2] ; such data are given only for the purpose of discussion and do not refer to a particular manufacturer or test plate set. The tolerance list from [2] is also reported.
To meet the permissible tolerances, which are very tight, the uncertainty budget has to be carefully studied. Fabricating the lenses from selected glass with σ (n) = 0.0002 is possible, and this is considered to be the case here. The lens thickness is generally not critical (and Table 1 . Design data of a set of test lenses (example). The refractive index is n = 1.523. The ophthalmic power tolerance (maximum deviation) is taken from [2] . Table 2 . Example of permitted set of uncertainties (1σ ). in some cases it is ineffective); anyway, comparators provide accurate measurements over the range of interest and it can be taken that σ (t) = 0.01 mm. The radii of curvature are therefore allowed the maximum share of the uncertainty budget. After examining table 1, it can be seen that the radii of curvature to be measured cover the range from 20 mm to 500 mm; in addition, some surfaces are plane. Plane surfaces of good quality can be easily obtained from optical shops and can be tested to high accuracy with interferometers; their uncertainty contribution is neglected here. The focus is on the short radii range.
For lenses of ophthalmic power ±25 D, ±20 D and −15 D, all the uncertainty share is given to a single radius which ranges from 20 mm to 35 mm. For such radii, the uncertainty which is allowed until the ophthalmic power tolerance is reached can be computed numerically. The results of the computations are presented in table 2, along with the expanded uncertainty 2σ ( ). It should be noted that the tolerances indicated in [2] and reported in table 1 are given as maximum deviations, while the treatment in this paper is in terms of standard deviations; here computations are performed by assuming equivalence between maximum deviation and expanded uncertainty 2σ ( ).
For the remaining lenses, where the uncertainty share has to be divided into two contributions, arrangements need to be made. A possible set of uncertainties is included in table 2.
The smallest uncertainty (0.004 mm) is required for the lens +25 D; this value can be slightly relaxed to 0.005 mm by reducing the uncertainty in the thickness from 0.01 to 0.005 mm.
Characterization of test lenses for calibration of focimeters The general situation for the uncertainty σ (R) in the measurement of the radii of curvature R (intending R 1 or R 2 ) is depicted in figure 2 ; the points at R = 174.333 mm and R = 523 mm are not shown, being, at large uncertainty, out of scale. Table 2 and figure 2 summarize the radius measuring capability that ought to be met by a laboratory in order to calibrate test lenses within the tolerances required. The range of allowed uncertainties demands outstanding performance from equipment and measuring procedures. While contact spherometers can in principle reach such range [6] , they do not provide information on the actual surface figure, which affects the radius uncertainty. For the fabrication of test lenses, reference [2] suggests a measuring method based on the fit of the lens surface to a master test plate, and provides the general tolerance of one interference ring at 20 mm diameter. However, to use such a method for validation purposes, the uncertainty in the radius of curvature of the test plate itself should be added.
Concluding remarks
A measuring method with adequate performance is interferometry, using the principle of the travelling microscope [7] . The method consists of precisely locating the centre of curvature with respect to the surface vertex and measuring the distance between the two points. In the interferometric version of the method, working with optically perfect spherical surfaces, the accuracy with which the centre can be located depends on the ratio of the radius of curvature to the surface diameter. For example, for a radius of 24 mm and a diameter of 15 mm, the above ratio is 1.6 and the corresponding accuracy achievable with state-of-the-art equipment is about 0.001 mm. In a practical implementation of the method, the major source of uncertainty is in the measurement of the distance between the centre and the surface vertex. In particular, an error is present because the optical axis (the radius measurement axis) is offset from the axis of the measurement transducer (the slide axis); the distance between the two axes is the so-called 'Abbe offset'. The accuracy is therefore dependent on the straightness of the guide bar against which the sliding carriage is displaced; if an angular error occurs, this results in a location error given by the product of the angle and the Abbe offset.
If ophthalmic power at wavelengths other than the helium d-line is desired, the proper value of the refractive index (from the glass specification) has to be used in the computations; no further laboratory work is required for calibration. Going, for example, to the mercury e-line (546.07 nm), as an order of magnitude guide it is expected that, for ordinary crown glasses, the ophthalmic power would increase by about 0.4%.
In the above it is assumed that the lens surface is perfectly spherical (or plane); surface irregularities, however, need to be considered. Such irregularities are immediately detected with an interferometer while looking for the surface centre, as they show up as features of the fringe pattern. The amount of irregularity that can be tolerated is not precisely specified, but it will turn into the uncertainty in the radius measurement by means of the spread of the experimental data. If a lens with a defective surface is examined with a focimeter, the assignment of ophthalmic power is expected to suffer from the same inconvenience of a large spread of readings.
Even if the lens surfaces are perfectly spherical, focimeters, being based on image properties, are affected by Seidel aberrations. In particular, the lens shape factor may be effective in displacing the best focus from its paraxial location, owing to spherical aberration. This can be taken into account by including proper corrections to the scale readings. Since, however, the shape factor varies according to the lens power range, in some cases the scale calibration may not be perfectly tuned, so that a shape dependent error arises. The role of the test lenses to single out these effects is therefore emphasized.
In conclusion, the problem of characterizing test lenses for the calibration of focimeters has been examined from the point of view of the uncertainty budget. The most sensitive parameter to be measured is the radius of curvature. To comply with acknowledged quality standards, this parameter must be measured with the utmost accuracy.
